The establishment of a fully functional blood vascular system requires elaborate angiogenic and vascular maturation events in order to fulfill organ-specific anatomical and physiological needs. Although vascular mural cells, i.e. pericytes and vascular smooth muscle cells, are known to play fundamental roles during these processes, their characteristics during vascular development remain incompletely understood. In this report, we utilized transgenic reporter mice in which mural cells are genetically labeled to examine developing vascular mural cells in the central nervous system (CNS). We found platelet-derived growth factor receptor b gene (Pdgfrb)-driven EGFP reporter expression as a suitable marker for vascular mural cells at the earliest stages of mouse brain vascularization. Furthermore, the combination of Pdgfrb and NG2 gene (Cspg4) driven reporter expression increased the specificity of brain vascular mural cell labeling at later stages. The expression of other known pericyte markers revealed time-, region-and marker-specific patterns, suggesting heterogeneity in mural cell maturation. We conclude that transgenic reporter mice provide an important tool to explore the development of CNS pericytes in health and disease.
Introduction
The delivery of oxygen and nutrients to tissues and organs relies on the blood vascular system. Blood vessel formation is initiated by vasculogenesis, de novo synthesis of vessels during embryogenesis. 1 Specifically, mesodermal precursor cells (angioblasts) give rise to a primitive vascular plexus starting at approximately embryonic day (E) 6. Thereafter ($E9), new vessels form from pre-existing ones. This process, termed angiogenesis, is coordinated by a variety of signaling cues. 2, 3 Primitive vascular networks undergo a series of morphogenetic changes to comply with local, tissue-specific demands, ultimately establishing functional blood vascular networks with characteristics that are precisely adapted to the specific needs of different organs and tissues.
Microvessels in the central nervous system (CNS) are structurally and functionally distinct from the vascular beds in other organs. 4 Accumulating data support unique organization with surrounding cell types (neurons, astrocytes and pericytes) termed the neurovascular unit. 7 Newly formed blood vessels concomitantly recruit supporting cells of the mural cell lineage around the endothelium by secreting attractants, including platelet-derived growth factor-B (PDGF-B). 8, 9 Mural cells are the collective term for vascular smooth muscle cells (vSMCs) and pericytes, two related cell types that differ based on morphology and location within the vascular beds: vSMCs form relatively continuous cell layers around arteries and veins, and regulate blood vascular tone and vessel diameter, blood pressure and flow. 10 At the molecular level, myocardin and serum response factor/CArG-dependent transcriptional regulation is known to be critical for vSMC differentiation, leading to SMC marker gene expression such as aSMA, SM myosin heavy chains, SM myosin light chains, h1-calponin and SM22a which confers contractile function. 11, 12 Pericytes, on the other hand, are associated with microvessels, i.e. arterioles, venules and capillaries, and form a discontinuous layer around the endothelium. 10, 13 It has been demonstrated that pericyte recruitment coincides with expansion of the CNS vasculature during murine brain development. 14 Indeed, pericyte coverage is shown to be crucial for vascular stabilization. 8, 9 In the CNS, pericytes are also indispensable for the maturation and maintenance of the BBB, the interaction between the microvessels and surrounding astrocytes within the neurovascular unit, and capillary blood flow, although the latter function remains debated. 14, 18 The discovery of the cells that are nowadays referred to as pericytes goes back to the late 19th century. 19 Later, transmission electron microscopy showed that pericytes share basement membrane with endothelial cells and extend cytoplasmic processes along or around the endothelium. 19 Despite significant advances in pericyte biology, precise mechanisms describing pericyte recruitment and regulation of pericyte gene expression levels are largely unanswered. Current immunohistochemical approaches to identify pericytes use antibodies against PDGFRb, NG2 (Cspg4), CD13 (Anpep), desmin and alpha-smooth muscle actin (aSMA, Acta2), depending on organ, species, and microvessel types. 4, 13, 20 Because these markers are also expressed by other cell types that may be found in close vicinity to blood vessels, including perivascular fibroblasts, vSMCs and macrophages, 10, 20 anatomical location is still a key criterion to define pericytes. 20 The ontogenetic relationships between different perivascular mesenchymal cell types are also unclear. In this report, we examined two transgenic fluorescent reporter mice to determine whether these mice can be useful to recognize pericytes in the developing brain and subsequently to characterize the emergence and distribution of CNS pericytes, focusing on the embryonic mouse brain cortex. Utilizing these genetic markers, we describe the sequence and patterns of pericyte marker expression in the developing cerebral vasculature.
Materials and methods

Animals
Animal care and experiments were conducted in accordance with Swedish legislation and approved by Uppsala University animal ethics committee (ethical number: C224/12 and C115/15). Pdgfrb-EGFP transgenic reporter animals (Tg(Pdgfrb-EGFP)jn169Gsat/ Mmucd, Stock number 031796-UCD) were obtained from Mutant Mouse Regional Resource Centers (GENSAT, Rockefeller university, New York). 21 Reporter mouse strains mTmG (Gt(ROSA)26Sortm4 (ACTB-tdTomato,-EGFP)Luo/J, stock number 007576), Cspg4-DsRed (Tg(Cspg4-DsRed.T1)1Akik, stock number 008241, also called NG2-DsRed or NG2DsRedBAC) 22 and constitutive Cspg4-Cre (B6; FVB-Tg(Cspg4-cre)1Akik/J, stock number 008533) 22 were purchased from Jackson Laboratory. 
Sample processing
Female mice were plugged, and monitored to time of conception. Embryonic day (E) 0.5 was defined as the morning of observed plug. Embryos were prepared as described. 24 Briefly, after removing yolk sac and embryonic membranes, embryos were fixed in 4% paraformaldehyde in PBS (PFA, pH 7.4) overnight at 4 C, then transferred to PBS for storage at 4 C. Embryos were cryoprotected by immersion in 30% sucrose solution in PBS for two days at 4 C, embedded into OCT and kept at À80 C until sectioning. Coronal cryosections were made at 18-20 mm. Alternatively, forebrains (telecephalon) and hindbrains were processed whole, then stained, flat-mounted and imaged.
Immunofluorescence staining and confocal microscopy Forebrain sections and/ or post-fixed, whole-dissected forebrains and hindbrains were permeabilized in 0.3% Triton-X100-containing PBS for 30 min at room temperature (RT). Specimens were incubated in blocking buffer (1% BSA, 0.3% TritonX-100, 4% normal goat serum in PBS) for 1 h at RT, labeled with primary antibodies overnight at 4 C followed by appropriate fluorophore-conjugated secondary antibodies for 2 h at RT. After three times washing in PBS, slides were mounted using anti-fade mounting medium with DAPI (Invitrogen). High-resolution images were collected using an SP8 confocal microscope (Leica). All images presented are projection of z-stacks.
Antibodies
Primary antibodies used are as follows: rabbit anti-NG2 chondroitin sulfate proteoglycan (AB5320, Millipore; 1:300), mouse anti-actin, a-smooth muscle (clone 1A4, Sigma Aldrich; 1:1000 or Santa Cruz Biotechnology; 1:500), rabbit anti-desmin (ab15200, Abcam; 1:500), rat anti-PDGFRb (APB5, eBioscience; 1:300), rat anti-TER119 (14-5921, eBioscience; 1:300), rat anti-CD13 (clone R3-63, AbD Serotec; 1:300). Alexa-conjugated lectin from Griffonia simplificosa (Invitrogen, 1:300), rat anti-CD31 (553370, Pharmingen; 1:500), rabbit anti-collagen IV (2150-1470, AbD Serotec, 1:500) and rabbit anti-Glut1 (07-1401, Millipore; 1:500) were used to visualize endothelium. Rabbit anti-DsRed (632496, Clonetech; 1:250) and Chicken anti-EGFP (ab13970, Abcam; 1:250) were used to amplify endogenous fluorescent signal, with secondary antibody kept in equivalent channel (DsRedAlexa 568; EGFP -A488). Secondary antibodies are Alexa 488-, 568-, or 647-conjugated donkey anti-rat-, anti-mouse-or anti-rabbit (Invitrogen).
Statistics
Three or more animals each group at various stages of development were used for all experiments (n ! 3), otherwise mentioned. To quantify number of vascular mural cells from double transgenic reporter mouse embryonic brain cortex, we defined a vascular mural cell as a singular cell with the distinct cell body
and its processes, present in close vicinity to the endothelium (either IB4 þ , CD31 þ or Glut1 þ cells). Cspg4-DsRed-positve cells observed outside the endothelium were counted and considered as non-vascular Cspg4-DsRed þ cells. Image J (National Institutes of Health) and Prism 5 software are used for vascular mural cell counting and statistical analysis. P-values were determined using unpaired two-tailed Student's t-test and ordinary ANOVA. Differences were considered significant with a P < 0.05. Data are presented as mean AE s.e.m.
Results
Appearance of Pdgfrb-EGFP and Cspg4-DsRed expression by the CNS vasculature during mouse embryogenesis
Whereas a relatively sharp distinction can be made between vSMCs and pericytes in the adult cerebral vasculature -remodeling of the CNS vasculature completes approximately 24 days after birth, 4 it is unclear how these two cell types relate and whether they can be at all distinguished in a developing vasculature. Certainly, it is challenging to specify the type of mural cells by applying anatomical criteria for their identification due to the less defined arterio-venous hierarchy, ongoing vascular remodeling and the distribution of mural cells as single cells along the developing blood vessel branches. Furthermore, no markers that separate these cell types exist at early stages. Herein, we therefore refer to singular cells displaying a typical 'pericyte-like' morphology around brain microvessels as developing vascular mural cells.
PDGFRb and NG2 (Cspg4) are the most widely used pericyte markers in adult tissues. 20, 25 To address whether Pdgfrb and/or Cspg4-mediated genetic labeling can identify mural cells during mouse brain development, the Pdgfrb-EGFP reporter mouse was crossed to Cspg4-DsRed mouse to generate either single (Pdgfrb-EGFP or Cspg4-DsRed) or double (Pdgfrb-EGFP; Cspg4-DsRed) transgenic mural cell reporter mice (Figure 1(a) ). E9.5 mouse embryos carrying both transgenes showed Pdgfrb-EGFP and Cspg4-DsRed signals with regional specificity (Figure 1(b) ). The Pdgfrb-EGFP signal was observed throughout the body, including the head region, brachial arch, somites/skeleton, limb buds and skin. In contrast, Cspg4-DsRed expression was largely restricted to the cardiac region, with weaker expression in developing cartilage as previously reported. 26 Endothelial cells (labeled with IB4) ingress into the neural tube starting at E9.5 ( Figure 1(c) ). 27 Compared to vessels in the pia mater, these early CNS endothelial sprouts were devoid of apposed cells expressing Pdgfrb-EGFP or Cspg4-DsRed signals. One day later, at E10.5, we observed perivascular Pdgfrb-EGFP positive (Pdgfrb-EGFP þ ) and Cspg4-DsRed negative (Cspg4-DsRed À ) cells surrounding early CNS vascular sprouts (Figure 1(d) ). The frontal cortex at E11.5 displayed vascular protrusion and expansion following caudal-rostral gradients.
The presence of perivascular Pdgfrb-EGFP þ / Cspg4-DsRed À cells was obvious in rostral regions (Figure 2(a) ). Interestingly, these cells were also positive for PDGFRb and NG2 immunostaining, although the distribution of the immunoreactivity varied, occasionally leaving the cellular processes PDGFRb-positive but NG2-negative (Figure 2(b) ). In caudal brain regions, we found that vessels were invested by both (Figure 2(c) ). These data suggest that, although Cspg4-DsRed transgene expression is weaker than endogenous protein expression at early stages of the CNS vascular development, vascular mural cells can be identified by both the Pdgfrb-EGFP transgene and PDGFRb protein expression in rostral regions of the brain. By E12.5, all intra-parenchymal mural cells of the periventricular vascular plexus (PVP) were double-positive
as visualized in telencephalic (cortical and medial ganglionic eminence (MGE) regions, Figure 3 (b) and (c)) and hindbrain flat mounts (Figure 3(d) ). Additionally, we found vessel-enwrapping, Pdgfrb-EGFP þ /Cspg4-DsRed þ cells in the pia mater of the head as well as many Pdgfrb-EGFP þ /Cspg4-DsRed À cells not directly associated with pial vessels (Figure 3(a) ). Together, these data indicate region-, and stage-specific marker expression in developing mural cells in the early embryonic mouse brain.
We occasionally detected nucleated, double Pdgfrb-EGFP þ /Cspg4-DsRed þ cells residing within the vascular lumen in the early developing mouse brain cortex. We first hypothesized that these cells might be circulating progenitors that may give rise to vascular mural cells after transmigration through the vascular wall. However, immunofluorescence staining for the erythrocyte marker TER119 identified these cells as TER119 nucleated erythrocytes, morphologically distinct from the periendothelial Pdgfrb-EGFP Figure 1(a) ). Subtraction of the TER119 þ erythrocyte-associated signal by lambda scan improved the vascular mural cell-specific signal procurement ( Supplementary Figure 1(b) ), suggesting that TER119 þ erythrocytes located within the vessel lumens are responsible for autofluorescence in the early developing brain vasculature. Consistent with this hypothesis, amplification of Pdgfrb-EGFP and Cspg4-DsRed fluorescent signals using isostype-specific antibodies on flat-mounted embryonic brain (Figure 3 ) substantially improved the signal-to-noise ratio, allowing subtraction of the auto-fluorescence signals contributed by immature erythrocytes.
At E14.5 to E18.5, the frontal cortex displayed a massive expansion of the vasculature as previously described. 5 During this developmental period, blood vessels in the frontal cortex of double Pdgfrb-EGFP/ Cspg4-DsRed transgenic mice exhibited complex capillary networks surrounded by double Pdgfrb-EGFP þ / Cspg4-DsRed þ mural cells. Notably, the distribution and fluorescent intensity of each marker varied, even within the same vascular region in embryonic- (Figure 4(a) and (b) ), and postnatal brain cortex (Figure 4(c) and (d) (Figure 4(e) ). We also observed distinct populations of vessel-associated or parenchymal Cspg4-DsRed þ /Pdgfrb-EGFP -cells present at (Figure 4(f) ). A recent report documenting the association of NG2 þ oligodendrocyte precursor cells (OPCs) with developing cerebral vasculature 28 indicates that these Cspg4-DsRed 
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À cells are likely OPCs. Our results are consistent with a model 14 in which developing Pdgfrb-EGFP þ /Cspg4-DsRed À vascular mural cells might be recruited from the pial surface of the CNS to newly formed endothelial sprouts, and later acquire NG2 expression as vascular growth and maturation proceed.
Lineage analysis of developing vascular mural cells in the CNS
To determine whether PDGFRb and/or NG2-expressing vascular mural cells can differentiate into other cell types during mouse embryogenesis, Cre recombinasebased lineage analysis was employed. We generated mouse crosses in which expression of Cre, driven by the Pdgfrb promoter (Pdgfrb-Cre 23 ) or the Cspg4-promoter (Cspg4-Cre 22 ), permanently switches reporter expression from tdTomato to GFP (mTmG reporter) thereby marking the cells and their progeny ( Figure 5(a) ). Similar to the aforementioned observations in Pdgfrb-EGFP mice, vessel-associated PdgfrbCre, mGFP-positive (mGFP þ ) cells were seen in the cerebral vasculature and the pia mater ( Figure 5 (c) and (f)). Cspg4-Cre; mGFP þ cells were also detected around protruding endothelial cells in the E11.5 brain cortex ( Figure 5(d) ), which was comparable to the Pdgfrb-Cre, mGFP signal at E14.5 ( Figure 5 (f) and (g)). Additionally, Cspg4-Cre, mGFP þ cells were observed in both blood vessels and parenchyma at E14.5 in the ganglionic eminence ( Figure 5 (g) and Supplementary Figure 2) . Non-vascular parenchymal Cspg4-Cre, mGFP þ cells of presumably oligodendrocyte lineage 29 were also observed. These data are consistent with those obtained using the Pdgfrb-EGFP and Cspg4-DsRed reporter mice.
Transgenic and antibody marker expression patterns of cerebral vascular mural cells during mouse brain development
Next, we compared immunostaining for various pericyte markers with the expression of Pdgfrb-EGFP and Cspg4-DsRed in the developing mouse brain cortex. Immunofluorescent staining of the brain tissue sections from Pdgfrb-EGFP mice with antibodies against PDGFRb, NG2 and desmin showed co-localization between Pdgfrb-EGFP and PDGFRb, NG2 and desmin immunostaining in cells surrounding cerebral microcapillaries (Figure 6(a) to (c) ). Similarly, these markers co-localized with Cspg4-DsRed þ vascular mural cells in brain tissue sections from Cspg4-DsRed mice (Figure 6 (e) to (g)). As expected, we found nonvascular Cspg4-DsRed þ cells that were NG2 immunostaining-positive (Figure 6(f) ). Moreover, PDGFRb and NG2 immunostaining-positive vascular mural cells observed in the littermate control brain cortex were completely absent in Pdgfrb-null mice, as previously described, 8, 9 supporting the mural cell-specific expression patterns of these markers in the cerebral vasculature (Supplementary Figure 3) . On the other hand, CD13 staining was observed only in the pia mater (Figure 6(d) ), but not in CNS vasculature (Figure 6(d) and 6(h) ) before P6 (Figure 6(i) and 6(j) ). Taken together, these results indicate that the staining pattern of known pericyte markers in the developing brain is age-dependent and cell type-specific.
Discussion
Although the involvement of a number of signaling pathways have been implicated in mural cell development, specification and recruitment, 10,20 the identification of pericytes remains a major challenge in pericyte biology due to the lack of definitive pericyte markers. Therefore, pericyte identification in fixed tissues has hitherto relied on immunostaining techniques employing a few markers that are shared with other cell types such as fibroblasts and vSMCs. Here, we explored transgenic reporter mouse models to visualize pericyte recruitment during development of the mouse brain. Of note, our attempt to distinguish vSMCs and pericytes using the double transgenic mice during embryonic brain development was unsuccessful as the expression of aSMA, a pan-vSMCs marker, by immunofluorostaining was absent in embryonic brain microvessels (data not shown). Because pericyte and vSMC progenitors could not be distinguished, and because it is likely that they are shared at least in some organs, 30 we refer to embryonic pericytes as developing vascular mural cells. Our data documents developmental expression patterns of known pericyte markers in the mouse brain and demonstrate the utility of the double Pdgfrb-EGFP; Cspg4-DsRed mice in the characterization of this intriguing, yet poorly defined cell type.
Vascular mural cells: Appearance, distribution and heterogeneity
Using Pdgfrb-EGFP, Cspg4-DsRed double reporter mice, we observed vascular mural cells around the CNS vessels in the frontal cortex, as early as around E10. Pdgfrb-EGFP þ cells surrounding the nascent vasculature were first detected in the rostral cortex region (Figure 7(a) ), suggesting that Pdgfrb gene expression precedes Cspg4 expression in cortical vasculature. At E12.5, the pia mater of the developing head showed a sizable population of non-vessel associated Pdgfrb-EGFP þ /Cspg4-DsRed À cells. It is possible that these cells represent mesenchymal progenitors that may give rise to mural cells, but perhaps also to other cell types, such as meningeal fibroblasts. 19, 20 At E14.5 and onwards, developing mural cells in the cerebral microvessels exhibited heterogeneous marker expression patterns (Figure 7(b) ). Moreover, these cells displayed certain differences in the expression of the pericyte markers (Figure 7(c) ). Early work from avian chimeras and tracer injection studies suggest that both neural crest progenitors and mesodermal stem cells contribute to the formation of brain vascular mural cells. 27, 31, 32 However, it is unclear whether this difference in origin leads to any differences in gene expression, cell function, or morphology.
Recently, Hartmann et al. 25 used Cre/LoxP based genetic labeling of pericytes in combination with highresolution imaging to show that Pdgfr-Cre-driven cell recombination in the adult mouse brain comprised 99% of the CD13 staining positive pericytes, supporting CD13 as a broad and reliable marker for pericyte visualization in adult murine brain. 20, 33 We found that CD13 expression was rather weak and almost absent in the embryonic mouse brain cortex with exception of the dura/pia mater (Figure 7(c) ). In contrast, the presence of CD13 immunostaining-positive vascular mural cells was apparent in postnatal mouse cerebral microvasculature, indicating that CD13 is a good marker for mature CNS pericytes, yet an ambiguous marker for developing cerebral vascular mural cells.
Transgenic pericyte reporter mice as a powerful genetic tool
Although it is assumed that pericytes are critical for a range of physiological and pathological
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Cspg4 -DsRed* non-vascular processes, 10, 13, 16, 31 it is still largely unclear how pericytes exert their functions. In this regard, the double pericyte reporter mouse might be useful, as vascular mural cells can be easily identified by the accumulation of reporter protein in the cell cytoplasm, highlighting the cell soma and its major processes. Live imaging, for instance, would provide valuable information concerning the engagement of vascular mural cells in regulation of vascular remodeling processes. Additionally, pericytes from double Pdgfrb-EGFP; Cspg4-DsRed animals may be isolated (e.g. by FACS) for molecular profiling, cell culture studies and transplantation. Indeed, the ability to image, isolate and characterize brain pericytes from pathological states, such as stroke, cancer and neurodegenerative disease would promote a better understanding of pericyte contribution to vascular dysfunction in these diseases.
In conclusion, we show that Pdgfrb-EGFP is a useful mural cell marker at the earliest stages of brain vascular development before Cspg4-DsRed expression becomes prevalent. Immunostaining results for PDGFRb protein are consistent with the Pdgfrb-EGFP expression, validating the reporter. Double Pdgfrb-EGFP and Cspg4-DsRed expression patterns are valuable for mural cell identification at later embryonic-, and early postnatal stages of CNS development. Taken together, our findings illustrate a broad utility for Pdgfrb-EGFP; Cspg4-DsRed mice in the study of CNS vascular mural cells, and presumably of mural cells in other organs, which warrants additional study.
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